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Several resonances in the 15N(α,γ)19F reaction have been investigated in the energy range be-
tween 0.6MeV and 2.7MeV. Resonance strengths and branching ratios have been determined. High
sensitivity could be obtained by the combination of the dynamitron high current accelerator, the
windowless gas target system rhinoceros, and actively shielded germanium detectors. Two levels
of 19F could be observed for the first time in the (α,γ) channel, and several weak branchings below
the detection limits of previous experiments were measured. Two observed resonances correspond
to α-cluster states in 19F which have been assigned unambiguously. The astrophysical reaction rate
is derived from this set of resonance strengths.
PACS numbers: 25.55.-e, 26.20.+f, 26.45.+h
I. INTRODUCTION
Light nuclei are mainly synthesized by fusion reactions
between charged particles. Obvious exceptions are 6,7Li,
9Be, and 10,11B, which are bypassed by the triple-alpha
process 3α → 12C and are thus not produced in stel-
lar hydrogen or helium burning. The nucleus 19F may
be produced in a sidepath of the CNO cycle. However,
because of the large cross section of the 19F(p,α)16O re-
action, the freshly synthesized 19F is destroyed rapidly in
any proton-rich environment. As an alternative, the reac-
tion 15N(α,γ)19F has been suggested as the main produc-
tion reaction, and the astrophysical scenario is assumed
to be a thermally pulsing AGB star [1, 2], and also Wolf-
Rayet stars have been suggested [3]. A further possible
mechanism for 19F production is neutrino-induced nucle-
osynthesis by 20Ne(ν,ν′N) reactions in supernovae [4].
The dominating reaction path for the produc-
tion of 19F in AGB stars is assumed to be
14N(α,γ)18F(β+)18O(p,α)15N(α,γ)19F [1, 2]. Destruc-
tion of 19F in a hydrogen-poor environment may proceed
via 19F(α,p)22Ne which has been studied recently [5].
Typical temperatures are of the order of T9 = 0.2 − 0.3
(where T9 is the temperature in 10
9K) which corresponds
to effective energies around 350− 500 keV.
Additional astrophysical interest in the 15N(α,γ)19F
reaction comes from the fact that properties of the 19Ne
mirror nucleus can be derived assuming similar reduced
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widths θ2α and radiation widths Γγ . The
15O(α,γ)19Ne
reaction is the bottleneck for the outbreak from the hot
CNO cycle to the rapid proton capture process [6, 7], and
therefore reduced widths θ2α have to be determined for the
first states above the α threshold in 19Ne. Additionally,
higher-lying resonances in 15N(α,γ)19F have been stud-
ied [8] which correspond to the lowest resonances in the
18F(p,α)15O and 18F(p,γ)19Ne reactions. Any direct ex-
perimental study of the latter reactions is hampered by
the unstable nuclei 15O and 18F. However, there are sig-
nificant uncertainties in the translation of properties of
19F to its mirror nucleus 19Ne which may lead to uncer-
tainties up to more than one order of magnitude for the
corresponding reaction rates [9].
The astrophysical reaction rate of 15N(α,γ)19F is dom-
inated by resonance contributions of several low-lying
states in 19F. Several (α,γ) experiments on individual
resonances have been performed, but no previous experi-
ment has covered a broad energy range from several hun-
dred keV up to a few MeV [10, 11, 12, 13, 14, 15, 16].
The available information is summarized in [17, 18, 19].
This paper presents new experimental data in the en-
ergy range from 0.6MeV to 2.7MeV. All data have been
measured with the same set-up; this leads to a complete
and consistent set of resonance strengths. With the ex-
ception of the 7/2+ resonance at 461keV all astrophys-
ically relevant resonance strengths could be determined.
The strength of this resonance was measured indirectly
in an α-transfer experiment using the 15N(7Li,t)19F re-
action [20]. The lowest resonance with Jpi = 9/2− at
Ex = 4033keV (Eα = 24keV) does not contribute sig-
nificantly to the reaction rate at the given temperatures.
The paper is organized as follows: In Sect. II we
present briefly our experimental set-up. Results for the
resonance strengths and the branching ratios are given in
2Sect. III. α-cluster states in 19F are discussed in Sect. IV.
The astrophysical reaction rate is calculated in Sect. V,
and finally conclusions are drawn in Sect. VI.
In this paper energies Eα are given in the laboratory
system. The center-of-mass energy Ec.m. is related to
Eα and to the excitation energy Ex by the well-known
formulae Ec.m. = Eα × AT /(AP +AT ) ≈ 0.7894Eα and
Ex = Ec.m. +Q with Q = 4013.8keV.
II. EXPERIMENTAL SET-UP
The experiment has been performed at the window-
less gas target system rhinoceros [21] which is installed
at the dynamitron accelerator of Universita¨t Stuttgart.
Details of the experimental set-up and the data analysis
are given in [22, 23]. Here we repeat briefly the relevant
properties of this set-up.
The 4He+ beam with currents up to 120µA was fo-
cussed into an extended windowless gas target area with
a length of about 6 cm. The N2 target gas was highly
enriched in 15N to 98% and 99.7%. The gas was recir-
culated and purified by a cooling trap. Typical target
pressures were about 1mbar. Two diaphragms with a
length of 15mm and a diameter of 5mm were used to
collimate the α beam and to define the target area. Sev-
eral additional diaphragms had to be used to reduce the
pressure by 8 orders of magnitude to the vacuum in the
beam transport system of 10−8mbar. The windowless
gas target system has the advantages of high stability
(it cannot be damaged by the beam), of high purity and
of variable density which can be easily changed by the
target pressure.
The α-beam was monitored by two silicon surface-
barrier detectors mounted either at 27.5◦, 60◦, or 90◦
relative to the α beam axis. The positions of the particle
detectors were chosen to obtain small deviations from the
Rutherford cross section at reasonable counting rates.
For the detection of the γ-rays we used two large-
volume high-purity germanium (HPGe) detectors with
efficiencies up to about 100% (relative to a 3′′ × 3′′
NaI(Tl) detector). One detector was actively shielded
by a BGO detector. The efficiency determination of the
HPGe detectors was obtained from GEANT simulations
which were shown to be reliable in the analyzed energy
region [22]. For a reliable determination of weak branch-
ing ratios we have taken into account summing effects
from cascade γ-rays.
Typical spectra are shown in Figs. 1 and 2. Fig. 1
shows a spectrum of the silicon detector mounted at
ϑlab = 27.5
◦, and Fig. 2 presents a γ-ray spectrum of the
HPGe detector in the 1/2+ resonance at Ex = 5337keV.
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FIG. 1: Energy spectrum of the particle detector mounted at
ϑlab = 27.5
◦. Besides the dominating peak from 15N(α,α)15N
also the recoil nucleus 15N is clearly visible. Additionally, a
weak contamination of the target gas (40Ar; ≈ 0.015%) can
be seen. The spectrum has been measured at Eα = 1640 keV.
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FIG. 2: Energy spectrum of the HPGe detector, measured
at the 1/2+ resonance at Ex = 5337 keV (Eα = 1676 keV).
Transistions to the final states at Ex = 0, 110, 1459, and
1554 keV can be seen. The corresponding full energy, single
escape, and double escape peaks are marked. This spectrum
has been measured in anticoincidence with the signal from the
active BGO shielding.
III. RESONANCE STRENGTHS AND
BRANCHING RATIOS
The resonance strength ωγ of a resonance is defined by
ωγ = ω
Γα Γγ
Γ
(1)
with a statistical factor ω = (2J + 1)/[(2JP + 1)(2JT +
1)] = (2J + 1)/2 for 15N(α,γ)19F and the partial widths
Γα, Γγ , and the total width Γ = Γα + Γγ for excitation
energies below other particle thresholds of 19F (Sn =
10432keV, Sp = 7994keV). The resonance strength is
approximately given by ωγ ≈ ωΓα for Γα ≪ Γγ and
ωγ ≈ ωΓγ for Γγ ≪ Γα. The first case is expected for res-
onances close above the α threshold at 4014keV whereas
the second case can be found at higher energies. For sev-
eral states the ratio Γγ/Γ has been measured where the
12C(11B,α)19F reaction has been used for the population
of these states [24].
The resonance strength ωγ is related to the experimen-
3tal yield Y by
Y =
NPρT
S
AP +AT
AT
pi2h¯2
µEc.m.
(ωγ) (2)
with the number of projectiles NP , the density of tar-
get atoms ρT (in cm
−3), the stopping power S (in
keV/µm), and the reduced mass µ. Resonance strengths
and branching ratios for all measured resonances have
been determined by the following procedure: The prod-
uct of the number of projectiles and target atoms per cm2
was derived from the elastically scattered α particles in
the silicon detectors. Using the geometry of the parti-
cle detectors, the product of the number of projectiles
NP and the target density ρT is calculated. The elas-
tic cross section was assumed to follow Rutherford’s law
for pointlike charges. This assumption was tested by an
additional measurement using a different target chamber
with three silicon detectors at ϑlab = 30
◦, 60◦, and 135◦,
and a mixture of xenon and 15N as target gas. As can
be seen from Fig. 3, the deviations for the most forward
detector are very small and remain within about 10%
even for the broad resonances at Eα = 1676, 1884, and
2627keV. These deviations have been taken into account
for the determination of the strengths of the mentioned
resonances. The stopping power S was taken from [25].
The energies of the resonances were taken from [18]; all
energies were confirmed within their uncertainties by the
measured γ-ray energies.
The number of reactions was determined from the
number of counts in the peaks of the HPGe γ-ray spec-
tra. The efficiency of the HPGe detectors was calculated
by GEANT simulations which were verified by measure-
ments with radioactive sources and by the analysis of the
27Al(p,γ)28Si reaction [22]. The angular distribution of
the γ-rays was taken into account. We assumed pure E1
transitions for ∆I = 0,±1, pi = −1; for ∆I = 0,±1,
pi = +1 we calculatedM1/E2 angular distributions with
a mixing parameter δ from [18] whenever available or
δ = 0 otherwise; for ∆I = 2, pi = +1 pure E2 radiation
is assumed. The close geometry of the HPGe detector
with a distance of only 6 cm leads to a large coverage of
60◦ ≤ ϑγ ≤ 120
◦. Because of the half-integer spin of
15N the deviations from an isotropic angular distribution
are much smaller compared to spin-zero target nuclei,
e.g. in the reaction 20Ne(α,γ)24Mg, see [22]. Therefore,
the uncertainties remain small even in cases where δ is
unknown.
The overall uncertainties are dominated by the effi-
ciency determination (<∼ 4%), the density profile of the
target gas (mainly for broad resonances,<∼ 5%), the stop-
ping power (<∼ 5%), in rare cases by the unknown mixing
parameter (<∼ 10%), and sometimes by poor statistics.
The sizes of these uncertainties change from transition to
transition. The given values are typical leading to over-
all uncertainties of the resonance strengths of <∼ 10% and
much smaller uncertainties of the branching ratios.
The results for the resonance strengths are compared
to literature values in Table I. The measured branching
1.6 1.65 1.7 1.75 1.8 1.85 1.9 1.95 2.0
E (MeV)
0.0
0.5
1.0
1.5
/
R
135o
0.7
1.0
1.3
/
R
90o
0.7
1.0
1.3
/
R
30o
FIG. 3: Elastic scattering cross sections around the Jpi =
1/2+, Ex = 5337 keV and J
pi = 3/2+, Ex = 5501 keV res-
onances, normalized to Rutherford cross section, measured
with silicon detectors at ϑlab = 30
◦ (upper diagram), 60◦
(middle), and 135◦ (lower). The full line is an optical model
calculation (see Sect. IV).
ratios are listed in Table II. In the following paragraphs
further information is given on all resonances.
A. Jpi = 9/2− , Ex = 4033 keV and J
pi = 7/2+,
Ex = 4378 keV and J
pi = 13/2+, Ex = 4648 keV
No attempt was made to measure these three reso-
nances in this experiment. The resonances at 4033keV
and 4648keV do not significantly contribute to the as-
trophysical reaction rate. Their strengths are very small
because the partial widths Γα are suppressed as a conse-
quence of the large centrifugal barrier.
Nevertheless, the astrophysical reaction rate around
T9 = 0.1 − 0.2 is strongly influenced by the resonance
at Ex = 4378keV. The resonance strength of this 7/2
+
resonance is entirely determined by its partial width Γα
which is confirmed by the measured ratio Γγ/Γ > 0.96
[24]. The partial width Γα has been measured in the
15N(7Li,t)19F reaction: Γα = 1.5
+1.5
−0.8 neV [9, 20]. This
leads to a resonance strength of ωγ = 6+6−3 neV which
is far below our experimental sensitivity of the order of
1µeV.
4TABLE I: Resonance strengths ωγ for the resonances be-
tween Eα = 461 and 2642 keV (4378 keV ≤ Ex ≤ 6100 keV).
The results show overall good agreement with the literature
data ωγLit [18]; detailed references are given in the last col-
umn. All energies Eα and Ex are given in keV.
Eα Ex J
pi ωγ a ωγLit
b Ref.
461 4378 7/2+ − 6+6−3 neV
c [20]
679 4550 5/2+ (95.5±11.7) µeV (97±20)µeV [10]
687 4556 3/2− (6.4±2.5) µeV < 10µeV [10]
847 4683 5/2− (5.6±0.6)meV (6±1)meV [11]
1384 5107 5/2+ (9.7±1.6)meV (13±8)meV [15, 26]
1676 5337 1/2+ (1.69±0.14) eV (1.64±0.16) eV [13]
1778 5418 7/2− (380±44)meV (420±90)meV [15, 26]
1837 5464 7/2+ (2.10±0.14) eV (2.5±0.4) eV [14]
1884 5501 3/2+ (3.56±0.34) eV (4.2±1.1) eV [16, 26]
1927 5535 5/2+ (344±40)meV (480±110)meV [15, 26]
2036 5621 5/2− (323±38)meV (370±90)meV [12]
2437 5938 1/2+ (416±48)meV (530±130)meV [12]
2604 6070 7/2+ (2.10±0.26) eV (2.7±0.54) eV [12]
2627 6088 3/2− (5.0±0.6) eV (4.5±0.9) eV [12]
2642 6100 9/2− (440±69)meV − −
athis work
bRef. [18]
cfrom 15N(7Li,t)19F transfer experiment [20]
B. Jpi = 5/2+, Ex = 4550 keV and J
pi = 3/2− ,
Ex = 4556 keV
Both resonances have been discussed in detail in [27];
the experimental thick-target yield is shown in Fig. 2
of [27]. For the lower resonance a weak branch to the
ground state has been detected for the first time in the
(α,γ) reaction. With the assumption Γα ≪ Γγ ≈ Γ
and the total width Γ = 101 ± 55meV from a lifetime
measurement [28] one obtains a ground state radiation
width Γγ0 ≈ 4meV in excellent agreement with the tran-
sition strength in [29]: B(E2) = 1.0 ± 0.2W.u. corre-
sponding to Γγ0 = 4.8 ± 1.0meV. The total strength of
ωγ = 95.5 ± 11.7µeV is in excellent agreement with a
previous result [10, 18].
For the very weak resonance at Ex = 4556keV only
the strongest branching to the first excited state at Ex =
110keV could be detected. Together with the known
branching ratio of 45% [18] a resonance strength of ωγ =
6.4 ± 2.5µeV was derived. This value agrees with the
previously adopted upper limit of ωγ ≤ 10µeV [10].
C. Jpi = 5/2− , Ex = 4683 keV
The total strength of this resonance is ωγ = 5.6 ±
0.6meV which is in good agreement with the adopted
strength of ωγ = 6±1meV [11, 18]. Two weak branching
ratios to the states at Ex = 110 and 1554keV have been
detected for the first time; both branching ratios are close
to the upper limits in [18].
D. Jpi = 5/2+, Ex = 5107 keV
The total strength of this resonance is ωγ = 9.7 ±
1.6meV. The uncertainties have been reduced signifi-
cantly compared to the adopted value of ωγ = 13±8meV
[15, 18]. Six branching ratios for this resonance have been
confirmed with slightly improved accuracies.
From the measured ratio Γγ/Γ = 0.97 ± 0.03 [24]
and our resonance strength one can deduce Γα = 3.3 ±
0.6meV. The measured upper limit of the lifetime leads
to a total width Γ > 22meV [18], and thus Γγ > 19meV
for this state.
E. Jpi = 1/2(+), Ex = 5337 keV
Spin and parity Jpi = 1/2(+) have been adopted in [18].
As we shall show later, there is clear confirmation of the
positive parity from our experimental data (see Sect. IV).
Therefore, the resonance will be labelled by Jpi = 1/2+
in the following discussion.
This resonance allows a precise comparison of this gas
target experiment to previous experiments which were
performed using solid targets. The previously adopted
strength of this resonance of ωγ = 1.64± 0.16eV [13, 18]
has a small uncertainty of about 10%. The resonance
is relatively strong and has been seen in several later
experiments. Often, this resonance has been used as cal-
ibration standard for other resonances (see discussion in
[26]). Because of Jpi = 1/2+ the angular distribution
for all decay γ-rays is isotropic. This leads to small un-
certainties for the branching ratios. Within the experi-
mental uncertainties, we confirm the adopted branching
ratios [18]. Additionally, two weak decay branchings to
states at Ex = 1554 and 3908keV have been observed.
Our observed resonance strength ωγ = 1.69 ± 0.14 eV
is 3% higher than the adopted value, but agrees nicely
within the uncertainties.
The total width Γ could be determined from the ana-
lysis of the measured yield curve over a broad energy
interval of about 100keV following the procedure out-
lined in [22]. The result of Γ = 1.3 ± 0.5 keV replaces
the adopted lower limit Γ > 6.6 eV. For this resonance
Γα ≈ Γ. This fact is confirmed by the observation of this
1/2+ resonance in the elastic scattering data (see Fig. 3).
Thus, Γγ = 1.69± 0.14 eV.
F. Jpi = 7/2− , Ex = 5418 keV and J
pi = 7/2+,
Ex = 5464 keV
Because of the relative large J = 7/2 of both res-
onances, transitions to the ground state and first ex-
cited state of 19F with J = 1/2 are very unlikely. In-
deed, no resonant enhancement can be seen in the yield
curves. The observed yields are small and can be com-
pletely understood as the tails of the broad 3/2+ res-
onance at Ex = 5501keV (see Sect. III G and IV). A
5TABLE II: Experimentally determined branching ratios (in %) for 14 resonances of the reaction 15N(α,γ)19F are given (first lines) and compared to literature values
(second lines) from [18]. Several new branching ratios have been observed for the first time. The detection limit for weak branchings is typically much smaller than
1%. Spins and parities Jpi and excitation energies Ex have been taken from [18]. All excitation energies are given in keV.
Jpi ;Ex,i → 0 110 197 1346 1459 1554 2780 3908 3999 4033 4378 4550 4556 4683 5107
5/2+;4550 4.0±2.0 − 69.8±7.2 3.5±1.9 9.7±1.8 12.9±2.0 − − − − − − − − −
[18] < 5 a − 69±7 5±3 8±3 18±4 − − − − − − − − −
3/2−;4556 − ∗b − − − − − − − − − − − − −
[18] 36±4 45±5 9±3 4±3 < 4 6±3 − − − − − − − − −
5/2−;4683 − 1.3±0.5 7.7±0.7 62.8±3.0 26.9±1.4 1.4±0.3 − − − − − − − − −
[18] − < 1.5 5.6±0.9 63.1±3.8 31.3±2.2 < 5 − − − − − − − − −
5/2+;5107 − − 77.8±3.8 − 8.4±0.6 3.2±0.4 0.7±0.3 6.9+0.5−1.0 − − 3.0±0.3 − − − −
[18] − − 79.7±3.7 < 1.6 10.4±2.7 1.8±1.8 0.7±0.6 5.4±0.9 − − 2.0±0.5 − − − −
1/2+;5337 38.9±1.0 40.2±1.1 − − 20.0±0.6 0.8±0.1 − 0.1±0.02 − − − − − − −
[18] 37±4 42±4 − − 20±2 < 2 − − − − − − − − −
7/2−;5418 − − − 72.7±2.8 12.4±0.7 − − − 9.3±0.4 5.2±0.3 − − − 0.4±0.1 −
[18] − − − 70 13 − − − 10 6 − − − − −
7/2+;5464 − − 3.8±0.5 32.5±1.0 − 4.9±0.2 58.1±1.7 − − − 0.2±0.03 0.5±0.03 − − −
[18] − − 4 32 − 5 59 − − − − − − − −
3/2+;5501 − 21.0±0.8 49.1±1.7 16.6±0.6 1.5±0.2 11.7±0.5 − − − − − − − − −
[18] − 25 49 16 − 11 − − − − − − − − −
5/2+;5535 6.7±0.4 − 38.6±2.3 − 50.3±2.0 2.0±0.2 − 0.6±0.06 − − 0.9±0.1 − 0.4±0.08 − 0.5±0.09
[18] 7 − 47 − 45 − − − − − − − − − −
5/2−;5621 − − 36.8±2.0 47.8±2.5 4.6±0.4 − − − 8.0±0.5 − − 1.2±0.2 − 1.5±0.2 −
[18] − − 39±4 61±4 − − − − − − − − − − −
1/2+;5938 5.3±0.3 20.6±0.9 0.9±0.2 − 65.0±2.4 0.4±0.2 − 7.9±0.4 − − − − − − −
[18] 7±4 20±6 2±1 − 63±6 < 2 − 8±3 − − − − − − −
7/2+;6070 − − 52.3±2.0 20.6±0.8 − 1.1±0.2 20.9±0.8 − − 0.1±0.04 4.0±0.2 1.0±0.05 − − −
[18] − − 54±5 19±2 − 1+1−0.5 23±3 − − < 1 4±1 − − − −
3/2−;6088 25.1±1.0 60.3±2.2 14.6±0.6 − − − − − − − − − − − −
[18] 25±4 61±5 14±3 − − − − − − − − − − − −
9/2−;6100 − − 19.4±7.2 11.4±1.6 − < 4.4 2.9±0.8 − 16.9±1.5 41.1±3.5 8.4±0.8 − − − −
[18] − − − − − − − − − − − − − − −
aSee Sect. III B and [17].
bObserved transition; see Sect. III B.
6resonant enhancement was found for 5 transitions in the
5418keV resonance (including one new weak branching)
and for 6 transitions in the 5464keV resonance (includ-
ing two new weak branchings). The summed strengths
are ωγ = 380 ± 44meV for the 5418keV resonance and
ωγ = 2.10±0.14eV for the 5464keV resonance. For both
strengths and branching ratios good agreement with the
adopted values [14, 15, 18, 26] is found. No uncertainties
are given for the adopted branching ratios [18].
For the 5418keV resonance the ratio Γγ/Γ = 0.04 ±
0.007 has been measured [24] which allows to calculate
the partial widths Γα = 2.4 ± 0.3 eV and Γγ = 98 ±
12meV. This leads to a total width Γ = 2.5 ± 0.4 eV
which agrees perfectly with the adopted Γ = 2.6±0.7 eV.
For the 5464keV resonance only an upper limit Γγ/Γ <
0.028 was measured [24] which leads to the partial widths
Γα > 18.8 eV and Γγ ≈ 525±35meV. For the total width
we obtain Γ > 19.3 eV, which is not in contradiction with
a lifetime measurement of Γ > 2.5 eV.
G. Jpi = 3/2+, Ex = 5501 keV
The strength of this relatively broad resonance is ωγ =
3.56± 0.34 eV which is slightly smaller than the adopted
value of 4.2±1.1eV [16, 18, 26]. A correction of 11% was
taken into account because of the deviation of the elastic
scattering cross section from Rutherford in this resonance
(see Fig. 3 and Sect. IV). Tails of this resonance could
be observed over a broad interval of about 400keV, and
from the yield curve a total width of Γ = 4.7 ± 1.6 keV
could be derived in the same way as for the 5337keV
resonance (see Sect. III E). This valus agrees nicely with
the adopted width Γ = 4± 1 keV [18].
With the exception of the transition to the first excited
state at Ex = 110keV, all branching ratios agree with
the adopted values [18] which are again given without
uncertainties. One new branching has been measured to
Ex = 1459keV.
From the resonance strength one can directly calculate
the radiation width Γγ = 1.78± 0.17 eV. Because of the
large total width one can assume Γα ≈ Γ and therefore
Γα ≫ Γγ for this resonance. This assumption is com-
firmed by the elastic scattering data (see Sect. IV).
H. Jpi = 5/2+, Ex = 5535 keV and J
pi = 5/2− ,
Ex = 5621 keV
Both J = 5/2 resonances lie in the high-energy tail
of the broad 5501keV resonance. Therefore, for several
transitions to low-lying states in 19F a small contribu-
tion from the braod 5501keV resonance has to be sub-
tracted. The summed strengths are ωγ = 344± 40meV
for the 5535keV resonance and ωγ = 323 ± 38meV for
the 5621keV resonance. Both values are in agreement
with the adopted values within their large uncertainties.
Eight branching ratios (including five new ones) have
been measured for the 5535keV resonance which are in
reasonable agreement with the adopted values [18]. For
the 5621keV resonance six branchings (including four
new ones) were measured.
I. Jpi = 1/2+, Ex = 5938 keV
The resonance at Ex = 5938keV is more than 400keV
above the broad 5501keV resonance and 150 keV below
the broad 6088keV resonance thus not influenced by their
tails. We find a total strength of ωγ = 416 ± 48meV
slightly lower than the adopted value of ωγ = 530 ±
130meV [12, 18]. Six branching ratios were determined
including a new weak 0.4± 0.2% branching to the Ex =
1554keV state.
J. Jpi = 3/2− , Ex = 6070 keV and J
pi = 7/2+,
Ex = 6088 keV and J
pi = 9/2− , Ex = 6100 keV
These three resonances are located close to each other,
and the central 6088keV resonance has a rather large
width of Γ = 4 keV. This value is confirmed by the analy-
sis of our yield curve which leads to Γ = 4.7±1.6keV. The
lower resonace is a factor of four narrower: Γ = 1.2 keV,
and the width is unknown for the 6100keV resonance.
From a careful analysis of the yield curves including
Doppler shifts in the γ spectra (see also [27]) we are
able to disentangle the contributions of these three res-
onances. Fortunately, these resonances show very dif-
ferent branching ratios which made the analysis less
complicated than expected. The total strengths are
ωγ = 2.1 ± 0.26 eV, 5.0 ± 0.6 eV, and 440 ± 69meV
for Ex = 6070keV, 6088keV, and 6100keV. The first
two numbers are in good agreement with previous data
[12, 18] whereas the resonance at Ex = 6100keV has been
measured for the first time in the 15N(α,γ)19F reaction.
The measured branching ratios agree perfectly with the
adopted values for the Ex = 6088keV resonance; two new
branchings have been detected in the Ex = 6070keV res-
onance, and no branching ratios are given in [18] for the
Ex = 6100keV resonance.
IV. α-CLUSTER STATES IN 19F AND DIRECT
CAPTURE
α clustering is a well-known phenomenon in light nu-
clei. Characteristic properties of states with strong α
clustering are large α-particle spectroscopic factors which
can be measured in α transfer reactions and relatively
large partial widths Γα for states above threshold. Many
properties of 19F can be understood from such a simple
model which neglects excitations in the α particle and
the 15N core. The ground state of the nucleus 15N can
be described as 16O with a hole in the p1/2 shell.
7The cluster wave function uNLJ(r) which describes the
relative motion of the α particle and the 15N core is char-
acterized by the node numberN and the orbital and total
angular momenta L and J with J = L±1/2. The cluster
N and L values are related to the corresponding quan-
tum numbers ni and li of the four nucleons forming the
α cluster in the sd shell:
Q = 2N + L =
4∑
i=1
(2ni + li) =
4∑
i=1
qi (3)
For 20Ne one expects five cluster states with posi-
tive parity for the ground state band (Q = 8, Jpi =
0+, 2+, 4+, 6+, 8+) and five cluster states with negative
parity (Q = 9, Jpi = 1−, 3−, 5−, 7−, 9−). The cou-
pling of these bands with the ground state spin of 15N
(Jpi = 1/2−) leads to close doublets in 19F because of
a weak spin-orbit coupling (with the exception of the
L = 0, Jpi = 1/2− state which cannot be split into a
doublet).
The properties of these bands have been discussed in
detail in [30, 31, 32, 33] (and references therein). In
the following we shall focus our interest on the Q = 9,
L = 1, Jpi = 1/2+, 3/2+ doublet which appears as res-
onances in the 15N(α,γ)19F reaction at Ex = 5337keV
and 5501keV.
Following the procedure outlined in [30, 34] we tried
to describe these resonances as so-called potential reso-
nances. A full discussion of potential resonances is also
given in [35]. Our analysis uses systematic folding po-
tentials which have been shown to describe many prop-
erties of the systems 15N ⊗ α and 16O ⊗ α [30] including
a weak spin-orbit potential with a shape ∼ 1/r dV/dr.
The strength of the central potential has been adjusted
to reproduce the properly weighted average energy of the
L = 1 doublet, and the strength of the spin-orbit poten-
tial was adjusted to the energy difference between both
states. A similar procedure was performed for L = even
partial waves. One finds similar normalization param-
eters of the folding potential of λ ≈ 1.3 for even and
odd partial waves. After this adjustment the potential
is fixed, and the elastic scattering wave function can be
calculated without any further adjustment. One finds a
good agreement with the experimentally measured exci-
tation functions of elastic scattering which were already
shown in Fig. 3. However, the widths of both reso-
nances are slightly overestimated. For the 1/2+ state
at Ex = 5337keV we find Γ
calc
α = 3.44 keV compared
to Γexpα = 1.3 ± 0.5 keV (from this work), and for the
3/2+ state at Ex = 5501keV we find Γ
calc
α = 9.99 keV
compared to Γexpα = 4.2 ± 0.9 keV (weighted average of
the adopted value and this work). In both cases Γexpα ≈
0.4 × Γcalcα which shows that the wave functions of both
resonances consist of about 40% α cluster contribution.
Reduced widths have been calculated for these states
leading to θ2α = 0.53 and 0.52 for the Ex = 5337keV
state from the generator coordinate method (GCM) [32]
and from the orthogonality condition model (OCM) [36]
and to θ2α = 0.46 and 0.50 for the Ex = 5501keV state.
A similar result is also obtained for the L = 1, Jpi = 1−
resonance in 20Ne (see Fig. 10 of [30]).
From the wave functions of the potential model the
direct capture (DC) cross section can be calculated in the
Ex = 5337keV and 5501keV resonances and at lower and
higher energies. The full formalism has been described in
[34]. The calculated DC cross section for the transition
to the Ex = 110keV state is compared to experimental
data in Fig. 4. The spectroscopic factor of the final state
has been taken from [36]. Note that the Ex = 110keV
state is the lowest α cluster state in 19F with Q = 8,
N = 4, L = 0, and Jpi = 1/2−. Good agreement is found
in the resonances and in a broad energy interval at lower
and higher energies. Similar results have been obtained
for the transitions to the α cluster states with L = 2 and
Jpi = 5/2− at Ex = 1346keV and J
pi = 3/2− at Ex =
1459keV. Especially, the relatively small cross section of
the transition Jpi = 3/2+, Ex = 5501keV → J
pi = 3/2−,
Ex = 1459keV (see Table II) is also reproduced by the
DC calculations.
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FIG. 4: The calculated direct capture cross section for the
transition to the first excited state with Jpi = 1/2− at Ex =
110 keV is compared to experimental data. One finds good
agreement between experiment and theory in the Jpi = 1/2+
and 3/2+ resonances at Ex = 5337 keV and 5501 keV and in
a broad energy interval at lower and higher energies.
If the energy differs sufficiently from the resonance en-
ergy, the calculated cross section depends only weakly
on the energy. However, this “direct capture” results
from the tail of the Ex = 5337keV and 5501keV reso-
nances; the experimental proof is the identical branching
ratio which is observed in the Ex = 5501keV resonance
and in the whole energy range from 5400keV <∼ Ex
<
∼
5700keV (of course, excluding the narrow resonances at
Ex = 5418keV, 5464keV, 5535keV, and 5621keV).
V. ASTROPHYSICAL REACTION RATE
The astrophysical reaction rate of 15N(α,γ)19F is dom-
inated by resonant contributions. In total, 48 resonances
have been taken into account in the NACRE compilation
8[19]. For the most important low-lying resonances the
strengths from a transfer experiment [20] were adopted,
and our results from a first analysis of our experimental
data [37] were taken into account. In cases where several
determinations of the resonance strength were available
the weighted average has been adopted which is close to
our values because of our small experimental uncertain-
ties. Because the resonance strengths in this work are
identical to [37] the adopted reaction rate of [19] does
not change.
The influence of the various resonances to the astro-
physical reaction rate is shown in Fig. 5. The total reac-
tion rate has been taken from the fit function provided by
the NACRE compilation [19]. The contribution of each
resonance has been calculated using the strengths from
Table I and the formalism for narrow resonances.
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FIG. 5: Contribution of seven individual resonances to the
total reaction rate NA < σv > of the reaction
15N(α,γ)19F in
per cent. The inset shows the low temperature region (T9 ≤
0.5). Below T9 <∼ 1.2 the reaction rate is dominated by three
individual resonances at Ex = 4378, 4550, and 4683 keV. At
higher temperatures the reaction rate is given by the sum of
several strong resonances.
Below T9 = 0.08 direct capture becomes relevant [20];
however, the absolute reaction rate at T9 = 0.08 drops
below NA < σv >= 10
−25 cm3 s−1mole−1 which is con-
sidered as negligible in usual astrophysical calculations
[19].
At 0.1 ≤ T9 ≤ 0.2 the reaction rate is completely de-
termined by the 7/2+ state at 4378keV. Therefore the
uncertainty of the reaction rate is given by the uncer-
tainty of this resonance strength which is a factor of two
[20].
The uncertainty of the reaction rate is significantly re-
duced at higher temperatures by the reduced experimen-
tal uncertainties of this work. In the temperature interval
0.2 <∼ T9
<
∼ 0.4 the 5/2
+ resonance at 4550keV is dom-
inating, and the interval 0.4 <∼ T9
<
∼ 1.2 is governed by
the 5/2− resonance at 4683keV. Above T9 >∼ 1.2 sev-
eral strong resonances are contributing to the reaction
rate with typical contributions of the order of 10% −
30%. The experimental uncertainties for these resonance
strengths of about 10% lead to an experimentally deter-
mined reaction rate with similar uncertainty [19]. Be-
cause of the relatively high excitation energy of the first
excited state in 15N, the reaction rate which is calculated
from laboratory data, is identical to the reaction rate un-
der stellar conditions [19].
VI. CONCLUSIONS
We have measured 14 resonances of the reac-
tion 15N(α,γ)19F at low energies between 0.6MeV
≤ Eα ≤ 2.7MeV. The combination of the dyna-
mitron high-current accelerator, the windowless gas tar-
get rhinoceros, and large HPGe detectors with active
shieldings leads to the excellent sensitivity of the exper-
imental set-up.
Two resonances have been detected for the first time
in the (α,γ) channel. The uncertainties of the resonance
strengths are reduced significantly. Branching ratios
could be determined with improved precision; roughly 20
new weak branchings were seen for the first time. Typical
detection limits are of the order of 1µeV for resonance
strengths and far below 1% for weak branching ratios.
Additionally, partial widths Γα and Γγ were derived from
the combination of experimental resonance strengths and
measured ratios Γγ/Γ [24].
The states at Ex = 5337keV and 5501keV have been
identified unambiguously as the L = 1, Jpi = 1/2+ and
3/2+ doublet of 15N ⊗ α cluster states. This identifica-
tion is based on the large partial widths Γα, the angular
distribution of elastic scattering, and the decay branch-
ings of these states. The analysis of the yield curves over
a broad energy interval has allowed to determine the total
width of the Ex = 5337keV state for the first time and
to confirm the total width of the Ex = 5501keV state.
For both levels we find reduced widths θ2α ≈ 0.4 in good
agreement with various theoretical predictions.
The astrophysical reaction rate of the NACRE compi-
lation [19] remains unchanged. The resonance strengths
in this work are identical to our previous analysis [37]
which has been taken into account in [19]. The uncertain-
ties of the reaction rate have been reduced significantly
at temperatures above T9 = 0.2.
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